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Abstract 

From X-ray observations of galaxy clusters one derives the mass of the intracluster medium 
along with its chemical composition. Optical/infrared observations are used to estimate the 
mass of the stellar components of galaxies, along with their chemical composition and age. 
This review shows that when combining all this information, several interesting inferences 
can be drawn, including: (1) galaxies lose more metals than they retain; (2) clusters and the 
general field have converted the same fraction of baryons into stars, hence the metallicity of 
the z = Universe as a whole has to be nearly the same we see in clusters, ~l/3 solar; (3) 
for the same reason, the thermal content of the intergalactic medium is expected to be nearly 
the same as the preheating energy of clusters; (4) a strong increase of the Type la supernova 
(SN) rate with lookback time is predicted if SNe la produce a major fraction of cosmic iron; 
(5) the global metallicity of the z « 3 Universe was already ^1/10 solar; and (6) the Milky 
Way disk formed out of material that was pre-enriched to ~1/10 solar by the bulge stellar 
population. 

1.1 Introduction 

In one of the rare cases in which theory anticipates observations, the existence of 
large amounts of heavy elements in the intracluster medium (ICM) was predicted shortly 
before it was actually observed (Larson & Dinerstein 1975). This came from (now old- 
fashioned) so-called monolithic models of elliptical galaxy formation, in which the observed 
color-magnitude relation is reproduced in terms of a metallicity trend. In turn, this trend is 
established by SN-driven galactic winds being more effective in less massive, fainter galax- 
ies with shallow potential wells, compared to more massive galaxies harbored in deep po- 
tential wells. While these models may now be inadequate in quite many respects, their 
prediction was confirmed the following year by the discovery of the strong iron-K line in the 
X-ray spectrum of galaxy clusters (Mitchell et al. 1976). 

This Carnegie Symposium on clusters of galaxies covers all the manifold aspects of these 
largest bound systems in the Universe. This review is meant to focus on one specific topic, 
the metal content of the clusters. I show that from this one can infer quite a number of 
intriguing consequences on galaxy formation and evolution on a wide scale, as well as on 
the evolution of some global properties of the baryonic component of the Universe. The 
following will be a broad-brush picture about facts and inferences, and is meant to stimulate 
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a deeper look at each of the issues that will be cursorily touched upon here, and which 
include the following main topics: 

• The metal content of clusters: ICM and galaxies 

• The composition of the ICM "metallicity" (elemental ratios) 

• The ICM/galaxies iron share in clusters 

• Metal production: Type la and Type II SNe, and the cosmic evolution of their rate 

• Metal transfer from galaxies to ICM: ejection vs. extraction 

• Metals as tracers of the "ICM preheating" 

• Clusters vs. field at z = 

• The major epoch of metal production in clusters 

• The metallicity of the Universe at z = 3 

• The early chemical evolution of the Milky Way 

The production and circulation of iron and other heavy elements on galaxy cluster scale 
has been widely discussed since their early discovery (e.g., Vigroux 1977; Matteucci & 
Vettolani 1988; Ciotti et al. 1991; Amaud et al. 1992; Renzini et al. 1993; Loewenstein & 
Mushotzky 1996; Ishimaru & Arimoto 1997; Renzini 1997, 2000; Chiosi 2000; Aguirre et 
al. 2001;Pipinoetal. 2002). 

1.2 The Heavy Elements in Clusters: ICM and Galaxies 
1.2.1 Iron 

Iron is the best studied element in clusters of galaxies, as ICM iron emission lines 
are present in all clusters and groups, either warm or hot. Figure 1.1 shows the iron abun- 
dance in the ICM of clusters and groups as a function of ICM temperature from an ear- 
lier compilation (Renzini 2000). For kT>3 keV the ICM iron abundance is constant at 
Z^^ ~ 0.3Zq , independent of cluster temperature. Abundances for clusters in this horizontal 
sequence come from the iron-K complex at ^ 7 keV, whose emission is due to transitions 
to the K level of H-like and He-like iron ions. At lower temperatures the situation is much 
less simple. Figure 1.1 shows data from Buote (2000), with the iron abundance having been 
derived with both one-temperature and two-temperature fits. The one- temperature fits give 
iron abundances for those cool groups that are more or less in line with those of the hot- 
ter clusters. The abundances of the two-temperature fits, instead, form an almost vertical 
sequence, with a great deal of dispersion around a mean value of ~ 0.75 solar. EarUer es- 
timates gave extremely low values for cooler groups, kT<l keV (Mulchaey et al. 1996). 
CompiUng values from the literature, a strong dependence of the abundance on ICM tem- 
perature is apparent, being very low at low temperatures, steeply increasing to a maximum 
around kT ral keV, then decreasing to reach ~ 0.3 solar by fcT w 3 keV (Renzini 1997; see 
also Mushotzky 2002). 

Is this strong temperature dependence real? Perhaps some caution is in order. Besides the 
ambiguity as to whether one- or two-temperature fits are preferable, additional uncertainties 
for the iron abundances at kT<2 keV come from their being derived from the iron-L complex 
at ~ 1 keV, whose emission lines are due to transitions to the L level of iron ions with three or 
more electrons. In these cooler groups/clusters iron is indeed in such lower ionization stages, 
and the iron-K emission disappears. The atomic configurations of these more complex ions 
are not as simple as those giving rise to the iron-K emission, and their (calculated) coUisional 
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Fig. 1.1. A compilation of the iron abundance in the ICM as a function of the ICM tem- 
perature for a sample of clusters and groups (Renzini 2000), including several clusters at 
moderately high redshift with (z) ~ 0.35, represented by small filled circles. For tempera- 
tures less than about 2 keV, 1 1 groups are shown from Buote (2000), with temperatures and 
abundances determined from one- and two-temperature fits (filled squares and open trian- 
gles, respectively). 



excitation probabilities may be more uncertain. In summary, iron abundances derived from 
the iron-L emission should be regarded with a little more caution compared to those from 
the iron-K emission. 

Abundances shown in Figure 1.1 refer to the cluster central regions. However, radial gra- 
dients in the iron abundance have been reported for several clusters, starting with ASCA and 
then R0SATA2X& (e.g., Fukazawa et al. 1994; Dupke & White 2000; Finoguenov, David, & 
Ponman 2000; White 2000; Finoguenov, Arnaud, & David 2001). From Beppo-SAX data, 
De Grandi & Molendi (2001) have conducted a systematic study of the radial distribution 
of iron (metals) in many clusters. Figure 1 .2 shows that clusters break up into two dis- 
tinct groups: so-called cool core clusters (formerly known as "cooling flow" clusters before 
the failure of the cooling flow model was generally acknowledged) are characterized by a 
steep metallicity (mostly iron) gradient in the core, reaching ^ 0.6 solar near the center, and 
non-cold core clusters (where no temperature gradient is found), which show no metallicity 
gradient. The origin of the dichotomy remains to be understood. The fact that metallicity 
gradients are found to be associated with large temperature gradients in the central regions 
may look suspicious, as noted for the strong dependence of Z^^ on ICM temperature, but it 
appears to be well estabhshed. 
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Fig. 1 .2. Projected metallicity distributions for non-cold core clusters (left panel) and cold- 
core clusters (right panel), from Beppo-SAX data (De Grandi & Molendi 2001). The radial 
coordinate is normalized to the radius with an overdensity factor of 180. 



1.2.2 Elemental Ratios 

X-ray observatories (especially ASCA, Beppo-SAX, and XMM-Newton) have such 
high spectral resolution that besides those of iron the emission lines of many other ele- 
ments can be detected and measured. These include oxygen, neon, magnesium, calcium, 
silicon, sulfur, argon, and nickel. Most of these are a elements, predominantly synthesized 
in massive stars exploding as Type 11 SNe. As is well known, iron-peak elements are mainly 
produced by Type la SNe, and 50% - 75% of the iron in the Sun may come from them. 

Early estimates from ASCA suggested a sizable a-element enhancement, ([a/Fe]) ~ -1-0.4 
(Mushotzky (1994), later reduced to H-0.2 (Mushotzky et al. 1996), and eventually found 
consistent with solar proportions ([a/Fe]) ~ 0.0 (Ishimaru & Arimoto 1997). More recently, 
Finoguenov et al. (2000) report near-solar Ne/Fe, shghtly enhanced Si/Fe, and slightly de- 
pleted S/Fe, but with rather large error bars. From a systematic reanalysis of the ASCA 
archival data, Mushotzky (2002) reports a systematic increase of Si and Ni and a decrease 
of Ca with ICM temperature. Note that both silicon and calcium are a elements, and ap- 
parently they do not follow the same trend! No simple interpretation has so far emerged of 
these trends in terms of the relative role of the two SN types (Gibson & Matteucci 1997; 
Loewenstein 2001; Finoguenov et al. 2002). 

I would conclude that no compelling evidence exist for other than near-solar [a/Fe] ratios 
in the ICM, when all a elements are lumped together. This argues for stellar nucleosynthesis 
having proceeded in much the same way in the solar neighborhood as well as at the galaxy 
cluster scale. In turn, this demands a similar ratio of the number of Type la to Type II SNe, 
as well as a similar stellar initial mass function (IMF), suggesting that the star formation 
process (IMF, binary fraction, etc.) is universal, with little or no dependence on the global 
characteristics of the parent galaxies (and their large-scale structure environment) in which 
molecular clouds are turned into stars. Alternatively, one can take at face value the varia- 
tions of the abundance ratios with cluster temperature, as well as the overabundance of some 
a elements and the underabundance of others. One can then be forced to rather contrived 
conclusions, such as the mix of the two SN types, and perhaps even the nucleosynthesis of 
massive stars, depends on what the temperature of the ICM will be billions of years after 
star formation has ceased. On the other hand, one may argue that rich galaxy clusters are 
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"special" places in many senses, and that ICM abundances reflect not only SN nucleosyn- 
thesis yields, but also how efficiently these are ejected, mixed into, and retained in the ICM. 
However, no simple understanding of the apparent empirical trends has yet emerged. 

In summary, in the following I will assume that clusters, on a global scale, have solar 
elemental ratios and the total heavy element abundance is 0.3 solar, or 0.006 by mass. 

1.2.3 The Iron Mass-to-Light Ratio 

One useful quantity is the iron-mass-to-Ught-ratio (M^^/L) of the ICM, the ratio 

^km/^b of the total iron mass in the ICM over the total B-band luminosity of the galaxies 
in the cluster. In turn, the total iron mass in the ICM is given by the product of the iron 
abundance times the mass of the ICM, M^,^ = MicmZj^m- Figure 1.3 shows the resulting 
M^^/L from an earlier compilation (Renzini 1997). The drop of the M^^/L in poor clusters 
and groups (i.e., for kT<2 keV) can be traced back to a drop in both the iron abundance 
(which, however, may not be real; see above) and in the ICM mass. Such groups appear 
to be gas poor compared to clusters, which suggests (1) that they may have been subject to 
baryon and metal losses due to strong galactic winds driving much of the ICM out of them 
(Renzini et al. 1993; Renzini 1997; Davis, Mulchaey, & Mushotzky 1999), (2) that such 
winds have preheated the gas around galaxies, thus preventing it to fall inside groups, or (3) 
that they have inflated the gas distribution. In one way or another, the break seen in Figure 
1 .3 is likely to be related to the break of self- similarity in the X-ray-temperature relation (see 
later). 

For the rest of this paper I will mainly deal with clusters with kT>2-3 keV, for which 
the interpretation of the data appears more secure. Yet, several cautionary remarks are in 
order. The first is that the iron abundances used to construct Figure 1.3 did not take into 
account that some clusters have sizable iron gradients. In principle. X-ray observations can 
give both the run of gas density and abundance with radius, so to make possible to integrate 
their product over the cluster volume to get M^^. To my knowledge, so far this has been 
attempted only for one cluster (Pratt & Arnaud 2003). However, the extra iron contained 
within the core's iron gradient seems to be the product of the central cD galaxy, and may 
represent only a small fraction of the whole Mj^jy, (De Grandi & Molendi 2002). 

Another concern is that two of the three ingredients entering into the calculation of the 
M^^/L values shown in Figure 1.3 (namely Micm and Lb) may not be measured in precisely 
the same way in the various sources used in the compilation. Both quantities come from a 
radial integration up to an ill-defined cluster boundary, such as the Abell radius, the virial 
radius, or to a radius of some fixed overdensity. Sometimes it is quite difficult to ascertain 
what definition has been used by one author or another, with the comphcation that in general 
X-ray and optical data have been collected by different groups using different assumptions. 
There is certainly room for improvement here. Finally, estimated total luminosities (Lb) 
refer to the sum over all cluster galaxies and do not include the population of stars that is 
diffusely distributed throughout the cluster, which may account for at least ^ 10% of the 
total cluster light (Ferguson, Tanvir, & von Hippel 1998; Arnaboldi et al. 2003). 

While keeping these cautions in mind, we see from Figure 1 .3 that M^^/L runs remarkably 
flat with increasing cluster temperature, for kT>2-3 keV. This constancy of the M^'^ /L 
comes from both and Micm/J^b. showing very little trend with cluster temperature [see 
Fig. 1.1 and Fig. 4 in Renzini (1997), where Micm/^-b =i 25h':^y'^ (Mq/Lq).] The resulting 
M^'^/L is therefore 
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Fig. 1.3. The iron mass-to-light ratio of the ICM of clusters and groups as a function of 
the ICM temperature from an earlier compilation (Renzini 1997). Data are taken from the 
following sources: filled circles, Arnaud et al. (1992); filled triangles, Tsuru (1992); open 
triangle, David et al. (1994); open square, Mulchaey et al. (1993); filled square, Ponman et 
al. (1994); and open circles, Mulchaey et al. (1996). 



^ = ^"^M^ ^ 0.3 X Z^^ X 25h-l" ^ 0.01 h-ll\M^/L^). (1.1) 

That is, in the ICM there is about 0.01 solar masses of iron for each solar luminosity of 
the cluster galaxies. This value is ~ 30% lower than adopted in Renzini (1997) and shown 
in Figure 1.3, having consistently adopted here for Zq the recommended meteoritic iron 
abundance (Anders & Grevesse 1989), Zq = 0.0013. Assuming solar elemental propor- 

-1/2 

tions for the ICM, the ICM metal mass-to-light ratio is therefore ~ 0.3 x 0.02 x 25hjQ = 
0.15 (Mq/Lq), having adopted Z© = 0.02 and for hjo = l. 

A very accurate analysis was performed recently for the A1983 cluster (Pratt & Arnaud 
2003), paying attention to measure Mjcm and Lb within the same radius. The result is 
M^'^/L= (7.5 ± 1 .5) X lO'^hjQ^ (Mq/Lq), in fair agreement with the estimate above. 

The most straightforward interpretation of the constant M^^/L is that clusters did not 
lose iron (hence baryons), nor differentially acquired pristine baryonic material, and that 
the conversion of baryonic gas into stars and galaxies has proceeded with the same effi- 
ciency and the same stellar IMF in all clusters (Renzini 1997). Otherwise, there should be 
cluster-to-cluster variations of Zf^^^ and M^^ /L. All this is true insofar as the baryon-to-dark 
matter ratio is the same in all kT>2 keV clusters (White at al. 1993), and the ICM mass- 
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to-light ratio and the gas fraction are constant. Nevertheless, there may be hints for some of 
these quantities showing (small) cluster-to-cluster variations (Amaud & Evrard 1999; Mohr, 
Mathiesen, & Evrard 1999; Pratt & Amaud 2003), but no firm conclusion has been reached 
yet. 

1.2.4 The Iron Share Between ICM and Cluster Galaxies 

The metal abundance of the stellar component of cluster galaxies is derived from 
integrated spectra coupled to synthetic stellar populations. Much of the stellar mass in clus- 
ters is confined to passively evolving spheroids (ellipticals and bulges), for which the iron 
abundance Z^^ may range from ~l/3 solar to a few times solar. For example, among ellip- 
ticals metal-sensitive spectral features such as the magnesium index Mg2 range from values 
slightly lower than in the most metal-rich globular clusters of the Milky Way bulge (which 
are nearly solar), to values for which models indicate a metallicity a few times solar (e.g., 
Maraston et al. 2003). The M^^ /L of cluster galaxies is then given by: 

-^=ZP^--^ -0.0046/^70 (Mq/Lq), (1.2) 

where we have adopted M^/Lb = 3.5 hjo (White et al. 1993) and z!^'' = Zq . The total cluster 
M^^/L (ICM+galaxies) is therefore — 0.015 {Mq /Lq), for ftvo = 1, and the ratio of the iron 
mass in the ICM to the iron mass locked into stars and galaxies is 

ZfyiCM ^^^ 3/2 

having adopted Zfl^ = 0.3 Zg=, Zl"" = 1 Zg=, and Mjcm/M, = 9.3h''^l'^ as for the Coma cluster 
(White et al. 1993). So, it appears that there is ~ 2 times more iron mass in the ICM 
than locked into cluster stars (galaxies), perhaps even more if Z^^ is subsolar due to an 
abundance gradient within clusters (Arimoto et al. 1997). In turn, this empirical iron share 
(ICM vs. galaxies) sets a strong constraint on models of the chemical evolution of galaxies. 
Under the same assumptions as above, the total metal mass-to-light ratio (ICM + galaxies) 
is therefore — 0. 15/170^^+0.07/170 — 0.2 {Mq /Lq). This can be regarded as a fully empirical 
determination of the metal yield of (now) old stellar populations. 

1.3 Metal Production: The Parent Stellar Population 

The constant M^'^/L of clusters means that the total mass of iron in the ICM is 
proportional to the total optical luminosity of the cluster galaxies (Songaila, Cowie, & Lilly 
1990;Ciottietal. 1991; Amaud etal. 1992; Renzini etal. 1993). The simplest interpretation 
is that the iron and all the metals now in the ICM have been produced by the (massive) stars 
of the same stellar generation to which belong the low-mass stars now radiating the bulk of 
the cluster optical light. Since much of the cluster light comes from old spheroids (ellipticals 
and bulges), one can conclude that the bulk of cluster metals were produced by the stars 
destined to make up the old spheroids that we see today in clusters. 

It is also interesting to ask which galaxies have produced the bulk of the iron and the other 
heavy elements, i.e. the relative contribution as a function of the present-day luminosity of 
cluster galaxies. From their luminosity function it is easy to realize that the bright galax- 
ies (those with L>L*) produce the bulk of the cluster fight, while the dwarfs contribute a 

7 



A. Renzini 



negligible amount of light, in spite of their dominating the galaxy counts by a large margin 
(Thomas 1999). In practice, most galaxies do not do much, while only the brightest 3% of 
all galaxies contribute ^ 97% of the whole cluster light. Giants dominate the scene, while 
dwarfs do not count much. Following the simplest interpretation, according to which the 
metals were produced by the same stellar population that now shines, one can also conclude 
that the bulk of the cluster metals have been produced by the giant galaxies that contain 
most of the stellar mass. The relative contribution of dwarfs to ICM metals may have been 
somewhat larger than their small relative contribution to the cluster light, since metals can 
more easily escape from their shallower potential wells (Thomas 1999). Yet, this is unlikely 
to alter the conclusion that the giants dominate metal production by a very large margin. 

1.4 Metal Production: Type la vs. Type II Superaovae 

As is well known, clusters are now dominated by E/SO galaxies, which produce 
only Type la SNe at a rate of ~ (0. 16 ± 0.06)/z^o SNU (Cappellaro, Evans, & Turatto 1999), 
with 1 SNU corresponding to 10~^^ SNe yr^'Z^g. Assuming such rate to have been con- 
stant through cosmological times (^^13 Gyr), the number of SNe la exploded in a cluster of 
present-day luminosity Lb is therefore ~ 1.6 x 10"'-^ x 1.3 x 10"'Lb/z7o — 2 x 10"^Lb. With 
each SN la producing ~ Q.IMq of iron, the resulting M^^/L of clusters would be: 



which falls short by a factor ~ 10 compared to the observed cluster M^^ /L (0.015 for h-iQ = 
1). The straightforward conclusion is that either SNe la did not play any significant role in 
manufacturing iron in clusters, or their rate in what are now E/SO galaxies had to be much 
higher in the past. This argues for a strong evolution of the SN la rate in E/SO galaxies and 
bulges, with the past average being 5 - 10 times higher than the present rate (Ciotti et al. 
1991). This may soon be tested directly by observations. 

In the case of SNe la we believe to have a fairly precise knowledge of the amount of 
iron released by each event, while the ambiguities affecting the progenitors make theory 
unable to predict the evolution of the SN la rate past a burst of star formation (e.g., Greggio 
1996). The case of Type II SN's is quite the opposite: one believes to have unambiguously 
identified the progenitors (stars more massive than ^ 8M0), while a great uncertainty affects 
the amount of iron produced by each SN 11 event as a function of progenitor's mass, Mq{M). 
The SN luminosity at late times can be used to infer the amount of radioactive Ni-Co (hence 
eventually iron) that was ejected, and an early study indicated small variations from one 
event to another (O.O4-O.IOM0; Patat et al. 1994). This led Renzini et al. (1993) to 
assume to be a weak function of initial mass, with an average yield of 0.07 Mq of 
iron per event (as in SN 1987A). More recent studies based on a larger sample of SN II 
events have actually detected very large differences from one event to another (ranging from 
~ 0.002Mq to ~ O.3M0; Turatto 2003). However, an average over 16 well-studied SNe 11 
gives {M^') = O.O62M0 (Hamuy 2003), close to the adopted value. 

The total number of SNe 11, A^u, is obtained by integrating the stellar IMF from, for 
example, 8 to IOOM0, with the IMF being tf;(M) = 3.0LbM"(^'^"'', where Lb is the luminosity 
of the stellar population when it ages to ^10^" yr (Renzini 1998b). Clearly, the flatter the 
IMF slope the larger the number of massive stars per unit present luminosity, the larger the 
number of SNe 11, and the larger the implied M^^/L. Thus, integrating the IMF one gets 




SN la 




(1.4) 
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M^^\ _Ml^Nn ^0-003 forx=1.7 



SN 11 



0.009 for x= 1.35 (1.5) 
0.035 forx = 0.9. 



Hence, if the Galactic IMF slope (x=\.l; Scalo 1986) applies also to cluster ellipticals, then 
SNe II underproduce iron by about a factor of ~ 5. Instead, making all the observed iron by 
SNe n would require an IMF flatter than Salpeter's x = 1 .35 (Renzini et al. 1993). 

In summary, with an IMF with 1.35 <x< 1.7 and a past average rate of SNe la in ellipti- 
cals >5 times the present rate, the iron content of clusters and the global ICM [a/Fe] ratio 
are grossly accounted for, with SNe la then having produced ~ 1/2-3/4 of the total cluster 
iron, not unlike in standard chemical models of the Milky Way galaxy. This is not to say 
that this has been firmly proved, but it seems to me to be premature to abandon the attrac- 
tive simpUcity of a universal nucleosynthesis process (i.e., IMF and SN la/SN 11 ratio) for 
embarking toward more complex, multi-parametric scenarios. 



1.5 Metals from Galaxies to the ICM: Ejection vs. Extraction 

Having established that most metals in clusters are out of the parent galaxies, it 
remains to be understood how they were transferred from galaxies to the ICM. There are 
two possibilities: extraction by ram pressure stripping as galaxies plow through the ICM, 
and ejection by galactic winds powered from inside galaxies themselves. In the latter case 
the power can be supplied by SNe (the so-called star formation feedback) and/or by AGN 
activity. Three arguments favor ejection over extraction: 

• There appears to be no trend of either Zj^^^ or the M^' /L with cluster temperature or cluster 

velocity dispersion (ctv), while the efficiency of ram pressure stripping should increase 
steeply with increasing (T^,. 

• Field ellipticals appear to be virtually identical to cluster ellipticals. They follow basically 

the same Mg2 -cr relation (Bernardi et al. 1998, 2003), which does not show any appre- 
ciable trend with the local density of galaxies. If stripping was responsible for extracting 
metals from galaxies one would expect galaxies in low-density environments to have 
retained more metals, hence showing higher metal indices for a given a, which is not 
seen. 

• Nongravitational energy injection of the ICM seems to be required to account for the break of 

the self-similar X-ray luminosity-temperature relation for groups and clusters (Ponman, 
Cannon, & Navarro 1999; see below). While galactic winds are an obvious vehicle for 
preheating, no preheating would be associated with metal transfer by ram pressure. 

One can quite safely conclude that metals in the ICM have been ejected from galaxies by 
SN (or AGN) driven winds, rather than stripped by ram pressure (Renzini et al. 1993; Dupke 
& White 1999). Two kinds of galactic winds are likely to operate: early winds driven by the 
starburst forming much of the galaxy's stellar mass itself, and late winds or outflows where 
the gas comes from the cumulative stellar mass loss as the stellar populations passively 
age. Direct observational evidence for early winds exists for Lyman-break galaxies (Pettini 
et al. 2001), as well as for local massive starbursts (Heckman et al. 2000). Late winds 
are also Ukely to operate, as the stellar mass loss from the aging population flows out of 
spheroids, being either continuously driven by a declining SN la rate (Ciotti et al. 1991), or 
intermittently by recurrent AGN activity (Ciotti & Ostriker 2001). 
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1.6 Metals as Tracers of ICM Preheating 

The total amount of iron in clusters represents a record of the overall past SN activ- 
ity as well as of the past mass and energy ejected from cluster galaxies. The empirical values 
of M^^/L can be used to set a constraint on the energy injection into the ICM by SN-driven 
galactic winds (Renzini 1994). The total SN heating is given by the kinetic energy released 
by one SN 10^' erg) times the number of SNe that have exploded. It is convenient to 
express this energy per unit present optical light Lb, 



where the total (ICM+galaxies) M^''/L=0.015 Mq/Lq is adopted, and the average iron re- 
lease per SN event is assumed to be O.ISMq (appropriate if SNe la and SNe II contribute 

equally to the iron production). This estimate should be accurate to within a factor of 2 or 3. 

The kinetic energy injected into the ICM by galactic winds, again per unit cluster light, is 
given by 1/2 the ejected mass (Mj^^/Z^'^) times the square of the typical wind velocity. 



where the empirical M^^/L for the ICM has been used and the average metallicity of the 
winds is assumed to be 2 times solar. As usual in the case of thermal winds, the wind 
velocity is of the order of the escape velocity from individual galaxies. Again, this 
estimate may be regarded as accurate to within a factor of 2 or so. 

A first inference is that of order ~ 5% -20% of the kinetic energy released by SNe is 
likely to survive as kinetic energy of galactic winds, thus contributing to the heating of the 
ICM. A roughly similar amount goes into work to extract the gas from the potential well of 
individual galaxies, while the rest of the SN energy has to be radiated away locally and does 
not contribute to the feedback. This estimated energy injection represents a small fraction 
of the thermal energy of the ICM of rich (hot) clusters and so had only a minor impact 
on the history of the ICM. However, in groups it represents a nonnegligible fraction of the 
thermal energy of the ICM, thus affecting its evolution and present structure (Renzini 1994). 
The necessity of some nongravitational heating (or preheating) was recognized from the 
observed break of the self- similarity of the X-ray luminosity- temperature relation, especially 
when groups are included (Ponman et al. 1999). 

The estimated ^ 10"*^ trglLQ correspond to a preheating of ^ 0.1 keV per particle, for a 
typical cluster Micm/^b — 25 Mq/Lq. This is >10 times lower than the ~ 1 keV/particle 
preheating that some models require to fit the cluster Lx-T relation (Wu, Fabian, & Nulsen 
2000; Borgani et al. 2001, 2002; Tozzi & Norman 2001; Pipino et al. 2002; Finoguenov et 
al. 2003). This estimate depends somewhat on the gas density (hence envirormient and red- 
shift) where/when the energy is injected, because what matters is the entropy change induced 
by the preheating, AS = kAT /nj^ (Kaiser 1991; CavaUere, Colafrancesco, & Menci 1993); 
hence, the required energy decreases if it is injected at a lower gas density. Nevertheless, 
this extreme (1 keV/particle) requirement would be met only if virtually all the SN energy 
were to go to increase the thermal energy of the ICM. Such extreme preheating requirement 
points toward an additional energy (entropy) source, such as AGN energy injection (e.g., 
Valageas & Silk 1999; Wu et al. 2000). Note, however, that in powerful starbursts most SNe 




(1.6) 
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explode inside hot bubbles made by previous SNe, thus reducing radiative losses, and the 
feedback efficiency may approach unity (Heckman 2002). More recently it has been sug- 
gested that preheating requirements may be relaxed somewhat if the energy injection takes 
place at relatively low density, so as to boost the entropy increase with less energy deposi- 
tion (Ponman, Sanderson, & Finoguenov 2003). For example, preheating could take place 
within the filaments, prior to their coalescing to form clusters. Numerical simulations are 
exploring this possibility (see the review by Evrard 2003), which may eventually reduce the 
energetic requirement to be more in line with a conservative (i.e., ~ 0.1-0.3 keV/particle) 
SN-driven galactic wind scenario. 

1.7 Clusters vs. Field at z = and the Overall Metallicity of the Universe 

To what extent are clusters fair samples of the z ~ Universe as a whole? In many 
respects clusters look much different from the field, for example in the morphological mix 
of galaxies, or in the star formation activity, which in clusters has almost completely ceased 
while it is still going on in the field. Yet, when we restrict ourselves to some global properties 
clusters and field are not so different. For example, the baryon fraction of the Universe is 
Ob/f^m — 0.16 ±0.02 (Bennett et al. 2003), which compares to ~ 0.15 as estimated for 
clusters (White et al. 1993), adopting hjo = l. This tells us that no appreciable baryon vs. 
dark matter segregation has taken place at a cluster scale (White et al. 1993). 

Even more interesting may be the case of the stellar mass over baryon mass in clusters 
and in the field. For the field in the local Universe, Fukugita, Hogan, & Peebles (1998) 
estimate 17* = 0.0035/!7,' for the stellar contribution to fi. From the 2dF /T-band luminosity 
function. Cole et al. (2001) estimate = 0.0041/1^0, with a ~ 15% uncertainty (adopting 
a Salpeter IMF). The total baryon density is fib = 0.039/jyQ, as derived from standard Big 
Bang nucleosynthesis (and confirmed by WMAP; Bennett et al. 2003). This gives a global 
baryon to star conversion efficiency fi^/fib — O.lO/zvo — that is, over the whole cosmic time 
~ 10% of the baryons have been converted and locked into stars. At the galaxy cluster level, 
the same efficiency can be measured directly, and following White et al. (1993) one gets 



For clusters Fukugita et al. (1998) obtain a ^ 30% larger value, which, however, is well 
within the uncertainty affecting these estimates. One can safely conclude that the efficiency 
of baryon to galaxies/stars conversion has been ~ 10%, quite the same in the "field" as well 
as within rich clusters of galaxies. The environment seems to be irrelevant! 

Two interesting inferences can be drawn from this intriguing cluster-field similarity: 

(1) The metallicity of the present Universe is ^1/3 solar. The metallicity of the local Universe 
has to be virtually identical to that measured in clusters (~l/3 solar), since star formation, 
and hence the ensuing metal enrichment, have proceeded at the same level. In analogy to 
clusters, a majority share of the metals now reside outside galaxies in a warm intergalactic 
medium (IGM) containing the majority of the baryons. Most baryons as well as most metals 
in the local Universe remain unaccounted. 

(2) The thermal energy (temperature) of the local Universe is about the same as the preheating 
energy of clusters. Similar overall star formation activities most likely result not only in 
similar metal productions but also in similar energy deposition by galactic winds. Hence, the 
temperature in the local IGM is likely to be « 0. 1 - 1 keV, whatever the cluster preheating 
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will turn out to be. Attempts are currently under way to detect this warm, metal-rich IGM. 
The detection of O Vl-absorbing clouds physically located within the Local Group is a first 
important step in this direction (Nicastro et al. 2003). 

1.8 The Major Epoch of Metal Production 

Most stars are either in spheroids or in disks. According to Fukugita et al. (1998) 
~3/4 of the total mass in stars in the local Universe is now in spheroids, ~l/4 in disks, and 
less than 1% in irregular galaxies. Other authors give less extreme estimates; Dressier & 
Gunn (1990) estimate that the stellar mass in spheroids and disks is about the same (see also 
Benson, Frenk, & Sharpies 2002). In clusters the dominance of spheroids is hkely to be 
even stronger than in the general field. The prevalence of spheroids offers an opportunity to 
estimate the epoch (redshift) at which (most) metals were produced and disseminated, since 
we now know quite well when most stars in spheroids were formed. 

1.8.1 In Clusters 

Following the first step in this direction (Bower, Lucey, & Ellis 1992), I believe 
that the most precise estimates of the age (redshift of formation) of stellar populations in 
cluster elUptical galaxies come from the tightness of several correlations, such as the color- 
magnitude, fundamental plane, and the Mg2 - a relations, and especially by such relations 
remaining tight all the way to z ~ 1 (Stanford, Eisenhardt, & Dickinson 1998; van Dokkum 
& Franx 2001; see also Renzini 1999 for an extensive review and reference Ust). This 
has taught us that the best way of breaking the age-metallicity degeneracy is to look back at 
high-redshift galaxies. All evidence converges to indicate that most stars in cluster elUpticals 
formed at z>3, while only minor episodes of star formation may have occurred later. 

With most of star formation having taken place at such high redshift, most cluster met- 
als should also have been produced and disseminated at z>3. Little evolution of the ICM 
composition is then expected all the way to high redshifts, with the possible exception of 
iron from SNe la, whose rate of release does not foUow the star formation rate, but is mod- 
ulated by the distribution of the delays between formation of the precursor and explosion 
time. Still, one expects that the SN la rate peaks shortly after a burst of star formation and 
then rapidly declines, with most events taking place within 1-2 Gyr after formation (e.g., 
Greggio & Renzini 1983). If so, no appreciable evolution of the iron abundance in clusters 
should be detectable from z = to z « 1. Note, however, that late winds will keep enriching 
the ICM at a decreasing rate approximately a t~^-^ (Ciotti et al. 1991). 

1.8.2 In the Global Universe 

As already noted, at z ~ field early-type galaxies show very little differences 
with respect to their cluster analogs. Moreover, bulges appear very similar to ellipticals in 
integrated properties, such as the Mg2 -cr and fundamental plane relations (Jablonka, Martin, 
& Arimoto 1996; Falcon-Baroso, Peletier, & Balcells 2002). In the well studied case of the 
Milky Way bulge, no trace of stars younger than halo-bulge globular clusters could be found 
(Zoccali et al. 2003). At z »^ 1 old early-type galaxies are also found in sizable numbers in 
the general field, although it appears that star formation may have been a little more extended 
than in clusters (Cimatti et al. 2002; Treu et al. 2002; Bell et al. 2003). 

Therefore, spheroids in the general field appear almost as old as cluster ellipticals, with 
the bulk of their stellar populations having formed at z^2-3. In this spirit, Hogg et al. 
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(2002) estimate that at least 65% of the stellar mass is at least 8 Gyr old, or formed at 
z > 1. With 50% of the stellar mass in spheroids that formed ^80% of their mass at 
z>2-3, one can conclude that >30% of the stellar mass we see today was already in place 
by z « 3 (Renzini 1998a). This indirect estimate is ~ 3 times higher than directly measured 
in the HDF-N (Dickinson et al. 2003). However, this latter result may be subject to cosmic 
variance, given the small size of the explored field, and indeed HDF-S appears to be much 
richer in massive galaxies, hence in stellar mass, at high redshift (Franx et al. 2003). 

1.8.3 The Metallicity of the Universe at z = 3 

With ~ 30% of all stars having formed by z = 3, ~ 30% of the metals should also 
have been formed before such an early epoch. I have argued that the global metalUcity of the 
present-day Universe is ^^1/3 solar; hence, the metalUcity of the z = 3 Universe should be 
~1/10 solar (Renzini 1998a). This simple argument supports the notion of a prompt initial 
enrichment of the early Universe. While ~ 10% solar at z = 3 is a very straightforward 
estimate, observational tests are not so easy. 

Figure 1 .4 (adapted from Pettini 2003) shows that at z = 3 the Universe had developed 
extremely inhomogeneously in chemical composition, with the metallicity ranging from su- 
persolar in the central regions of young/forming spheroids and in QSOs likely hosted by 
them, down to ^ 10"^ solar in the Lya forest. Making the proper (mass-) average abundance 
of the heavy elements requires one to know the fractional mass of each baryonic component 
at z = 3, not an easy task. While the Lya forest may fill most of the volume at z = 3 and 
perhaps contain most of the baryons, it may contain as little as just a few percent of the 
metals produced by z = 3. At this early time most metals are hkely to be locked into stars, in 
metal-rich winds, and in shocked IGM which has already diluted wind materials. This latter 
medium may have been detected, thanks to its O VI absorption (Simcoe, Sargent, & Rauch 
2002). 

1.9 The Early Chemical Evolution of the Milky Way 

In the K band the Galactic bulge luminosity is ^ 10'" ix,© (Kent, Dame, & Fazio 
1991), and in the B band the bulge luminosity is Lg"'^'' ~ 6 x IO^Lb,©. From the empirical 
yield of metals in clusters (~ 0.2 x Lb Mq), it follows that the Galactic bulge has produced 
Mz ~ 0.24"'*^" = 0.2 X 6 X 10'' - 10''Mq of metals. Where are all these metals? One bilHon 
solar masses of metals should not be easy to hide: part of it must be in the stars of the bulge 
itself; part of it must have been ejected by winds. The stellar mass of the bulge follows 
from its A'-band mass to light ratio, m1J"'^7Lk = 1 (Kent 1992; Zoccali et al. 2003), and its 
luminosity; hence, M*"'^'' ~ IO^^Mq. Its average metalUcity is about solar or slightly lower 
(McWiUiam & Rich 1994; ZoccaU et al. 2003), i.e. Z = 0.02, and therefore the bulge stars 
altogether contain ^ 2 x IO^Mq of metals. Only ^1/5 of the metals produced when the 
bulge was actively star forming some 1 1-13 Gyr ago are still in the bulge! Hence, ~ 80%, 
or still ~ 1O^M0, wad ejected into the surrounding space by an early wind. 

At the time of bulge formation, such ~ lO^M© of metals ran into largely pristine (Z = 0) 
material, experienced Rayleigh-Taylor instabilities leading to chaotic mixing, and estab- 
lished a distribution of metallicities in a largely inhomogeneous IGM surrounding the young 
Milky Way bulge. For example, this enormous amount of metals was able to bring to a 
metallicity 1/10 solar (i.e., Z = 0.002) about 5 x 10"Mq of pristine material, several times 
the mass of the yet-to-be-formed Galactic disk. Therefore, it is likely that the Galactic disk 
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Fig. 1.4. Summary of current knowledge of metal abundances at z « 3. On the vertical 
axis the logarithmic abundance relative to solar is reported. The horizontal axis gives the 
typical linear dimensions of the structures for which direct abundance measurements are 
available. This figure has been adapted from Pettini (2003) by the inclusion of the box for 
"young spheroidals," for which the estimate is indirect, as based on the present-day observed 
metallicity range and on the estimated redshift of formation. The figure also includes the 
approximate location of the O VI absorbers (Simcoe et al. 2002), and the hypothetical 
location of the intergalactic medium enriched and preheated by early galactic winds. 



formed and grew out of such pre-enriched material, which provides a quite natural solution 
to the classical "G dwarf problem" (Renzini 2002). 

1.10 Summary 

A number of interesting inferences are derived starting from a few empirical facts, 
namely the iron and metal content of the ICM and cluster galaxies, the fraction of the baryons 
locked into stars in clusters and in the field, and the age and baryon fraction of stellar popu- 
lations of galactic spheroids. Such inferences include: 

• In clusters and in the general field alike there are more metals in the diffused gas (ICM 

and IGM) than there are locked into stars inside galaxies. The loss of metals to the 
surrounding media is therefore a major process in the chemical evolution of galaxies. 

• In clusters and in the general field alike ~ 10% of the baryons are now locked into stars 

inside galaxies. At this global level, the outcome of star formation through cosmic time 
is largely independent of environment, most likely just because a major fraction of all 
stars formed before cluster formation. 
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• Various arguments support the notion that the metals now in the ICM/IGM were ejected by 

galactic winds, rather then being extracted from galaxies by ram pressure. 

• Having processed the same fraction of baryons into stars, the global metallicity of the local 

Universe has to be nearly the same one can measure in clusters, namely ~l/3 solar. 

• For the same reason, one expects the IGM to have experienced nearly the same amount of 

preheating as the ICM, and therefore to be at a temperature of ~ 0. 1 - 1 keV, whatever is 
the amount of preheating that is required for clusters. 

• Given the predominance and formation redshift of galactic spheroids, both in clusters as 

well as globally in the Universe, it is likely that the Universe experienced a prompt metal 
enrichment, with the global metallicity possibly reaching ~1/10 solar already at z ~ 3. 
However, most metals remain unaccounted both at low as well as high redshift, and may 
reside in a warm IGM, the existence of which we have only preliminary observational 
hints. 

• This same scenario may well hold down to the scale of our own Milky Way galaxy, with 

early winds from the forming Galactic bulge having pre-enriched to ~1/10 solar a much 
greater mass of gas, out of which the Galactic disk started to form and grew. 
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